The metabolic control of immune cell development and function has been shown to be critical for the maintenance of immune homeostasis and is also involved in the pathogenesis of immune disorders. Pathogenic infections or cancers may induce metabolic reprogramming through different pathways to meet the energy and metabolite demands for pathogen propagation or cancer progression. In addition, some deregulated metabolites could trigger or regulate immune responses, thus causing chronic inflammation or immune disorders, such as viral infection, cancer and obesity. Therefore, the methods through which metabolism is regulated and the role of metabolic regulation in inflammation and immunity attract much attention. Epigenetic regulation of inflammation and immunity is an emerging field. Long noncoding RNAs (lncRNAs) have been well documented to play crucial roles in many biological processes through diverse mechanisms, including immune regulation and metabolic alternation. Here, we review the functions and mechanisms of lncRNAs in the metabolic regulation of inflammatory immune disorders, aiming to deepen our understanding of the epigenetic regulation of inflammation and immunity.
INTRODUCTION
Immunity and metabolism are two of the most fundamental programs in life science. Metabolism is composed of a series of enzymatic biological processes for metabolite transformation that fuel all cellular activities through energy production and providing materials for the synthesis of proteins and nucleic acids. Generally, the metabolic system includes the metabolism of glucose, glutamine, lipids, and hormones (e.g., insulin and glucagon). 1 The immune system is responsible for a host sensing dangerous non-self signals and defending against environmental threats, such as invading pathogens, and intrinsic harmful stresses, such as tissue damage-induced sterile inflammation.
Growing evidence shows the vital role of metabolic regulation in immune development and function. For instance, metabolites may interact with epigenetic enzymes to regulate T-cell fates, as was reported recently.
2 HIF1α-dependent glycolysis is reduced by glucocorticoid receptor signaling to promote the immune suppressive activity of myeloid-derived suppressor cells (MDSCs) in inflammation-driven hepatic injury. 3 Moreover, it has been reported that metabolic alterations are crucial for the regulation of infection-related immune responses and T-cell exhaustion. 4, 5 However, metabolism disorders in regional tissues are often associated with or lead to chronic inflammatory states, such as obesity, type 2 diabetes (T2D) and atherosclerosis (AS), which are serious health threats and prevalent public clinical issues. 6 Thus, immune responses are extensively correlated with metabolic regulation, and the unbalanced interaction between them could result in immunometabolic dysfunction, leading to the pathogenesis of immune disorders, such as cancers, T2D, and chronic inflammatory autoimmune diseases. 7 With advances in a new generation of sequencing techniques and genome-wide transcriptome studies, such as the ENCODE project, more than tens of thousands of noncoding RNAs have been discovered that function as RNA molecules without evident protein-coding capacities. Long noncoding RNAs (lncRNAs) constitute a large catalog of noncoding RNAs with lengths of more than 200 nucleotides and are distinct from other smaller ncRNAs, such as microRNAs (miRNAs), and piwi-interacting RNAs (piRNAs). Similar to mRNAs, lncRNAs are transcribed by RNA polymerase II/III and are primarily modified with a 5' cap and 3' polyadenylation. lncRNAs are generally expressed in a cell-specific manner and are highly regulated in response to physiological or pathological signals. lncRNAs have been demonstrated to be indispensable during the development of immune cells and in the regulation of the immune response. [8] [9] [10] Here, we review the known functional lncRNAs on a case-by-case basis to clarify their functions and the mechanisms through which they are involved in the metabolic regulation of inflammatory responses and immune disorders. lncRNAs in metabolic regulation during viral infection The immune system could hardly function without the proper regulation of metabolism for cytokine production, phagocytosis, and pathogen elimination. In contrast, pathogens, such as viruses, also require the host cell metabolism for proliferation and survival. Interestingly, pathogens have developed several strategies to manipulate the host cell metabolism to escape the immune system and to spread. Emerging studies have revealed the underlying mechanisms through which viruses regulate the host cell glutamine metabolism [11] [12] [13] and glycolysis. [14] [15] [16] [17] [18] Nevertheless, whether lncRNAs participate in this metabolic regulation for viral survival has been elusive until a recent work demonstrating that a novel lncRNA, lncRNA-ACOD1, was involved in the metabolic regulation of viral infection. 19 This study showed that lncRNA-ACOD1 could be induced by viral infection in an interferon regulatory factor 3 (IRF3)/ type I IFN (IFN-I) signaling-independent but NF-κB-dependent pathway. An in vitro or in vivo deficiency in lncRNA-ACOD1 significantly reduces the viral load in macrophages and in immune organs through an IRF3/IFN-I independent pathway. Moreover, lncRNA-ACOD1 directly interacts with glutamic-oxaloacetic transaminase 2 (GOT2), an enzyme involved in amino acid metabolism and tricarboxylic acid (TCA) cycles during viral infection. Consequently, GOT2 catalytic activity is enhanced, along with the increased production of metabolites, to facilitate virus replication and escape from the innate immune response. lncRNA-ACOD1 is suggested to be a potential target for the control of viral infections, as a deficiency in lncRNA-ACOD1 has no influence on cell viability. GOT2 has been demonstrated to be a key regulator of metabolism and viral-induced inflammation through its interaction with lncRNA, indicating that the direct interaction between cytoplasmic lncRNA and proteins is important for the pathogenic invasion and escape from the immune response.
In another study, focusing on chronic hepatic infection with hepatitis C virus (HCV), the lncRNA HOTAIR was suggested to be induced by the HCV core protein, followed by the decreased expression of the Silent information regulator 1 (Sirt1), a histone deacetylase that modulate the glucose-and lipid metabolismrelated gene profiles, resulting in metabolic disorders in hepatocytes. 20, 21 These studies reveal an important role for lncRNAs, which are utilized by pathogens to alter metabolic pathways, and demonstrate that lncRNAs are actively involved in the interactions between the pathogens and the host. With the Yin-Yang balance theory, we speculate that there must be some host lncRNAs that fight the invading pathogens by regulating the metabolic pathways in immune cells, which remain to be further identified. More recently, the cytoplasmic lnc-Lsm3b was found to be induced by IFN-I during the late stage of the innate immune response. Feedback then disables the innate receptor RIG-I, which senses pathogenic RNA, and consequently terminates the production of IFN-I during the late innate response. 22 It is well known that IFN-I can induce metabolic changes in the innate immune cells, determining the outcome of the innate response. Therefore, we hypothesize that other previously unidentified lncRNAs may interact with the major innate receptors and pathways to regulate the pathogenic infection-induced metabolic changes and inflammatory responses. lncRNAs in metabolic regulation during immunometabolic disorders As mentioned above, the proper maintenance of the delicate balance between the immune response and metabolism is essential for physiological homeostasis, and a dysfunction of this balance could cause chronic metabolic disorders, such as obesity, T2D, and inflammatory cardiovascular diseases, or autoimmune diseases, such as type 1 diabetes. 5, 23 Many studies have shown that lncRNAs play important roles in the metabolic regulation of obesity and T2D, as described below.
lncRNAs in the metabolic regulation of lipid metabolism in obesity and nonalcoholic fatty liver disease. Obesity, a low-grade chronic inflammatory stress, is considered to be the excessive intracellular lipid accumulation that causes the infiltration of immune cells into adipose tissues and the production of proinflammatory cytokines by adipocytes. 6 The regulation of lipid metabolism in adipose tissue is necessary to maintain the balance between energy accumulation (white adipose tissue) and energy expenditure (brown adipose tissue). 24 Nonalcoholic fatty liver disease (NAFLD) is also highly associated with lipid metabolism and obesity. 24 There are several reports focusing on lncRNA-mediated regulation of lipid metabolism, attempting to understand the pathogenesis of these diseases.
Adiponectin (AdipoQ), the hormone expressed in adipocytes, positively regulates glucose and lipid metabolism. 24, 25 A recent study revealed that AdipoQ antisense lncRNA (AdipoQ AS), expressed in adipocytes and base paired with the AdipoQ mRNA, attenuates the AdipoQ translation, resulting in the negative regulation of adipogenesis. Therefore, a dysfunction in AdipoQ AS lncRNA increases the obesity threat. 26 lncRNA H19 is highly expressed in human chronic liver disease but expressed to a lesser degree in healthy adult livers. 27 H19 enhances lipid accumulation in NAFLD by functioning as a fatty acid sensor and reprogramming hepatic metabolism. 28 Mechanistically, in NAFLD, H19 RNA interacts with polypyrimidine tractbinding protein 1 (PTBP1), an RNA-binding protein that regulates mRNA stability and splicing, 29 and facilitates PTBP1 binding to sterol regulatory element-binding protein 1c (SREBP1c) mRNA and protein, promoting the higher protein expression and increased activity of SREBP1c, which further enhances lipogenic activity.
Another lncRNA, uc.417, transcribed from an ultraconserved region in rodents, impairs thermogenic activity and adipogenesis in brown adipose tissue by inhibiting the phosphorylation of p38 mitogen-activated protein kinase (p38 MAPK). 30 From the above cases, it can be observed that lncRNAs are often associated with the functions of different proteins. However, there is less remarkable progress regarding lncRNAs regulation for lipid metabolism, such as lncRNAs in adipocyte differentiation or highdensity lipoprotein biogenesis. Therefore, more efforts should be made to explore the function of lncRNAs in obesity or NAFLD.
lncRNAs in the regulation of metabolism in T2D. Obesity is a very strong risk factor for T2D development. 31 The clinical symptoms of T2D are glucose and lipid metabolism disorders. 32 In addition, diabetic nephropathy (DN) is the most common microvascular complication of diabetes.
Insulin, the hormone produced by pancreatic β cells, controls the glucose level in blood by regulating anabolic metabolism. In addition to lipid metabolism, insulin signaling also has been suggested to be regulated by lncRNA H19. 33 Mechanically, in the muscles of humans with T2D, the downregulated expression of H19 results in an increase in the expression of its sponge target, miRNA let-7, followed by a cascade effect in which let-7 represses targets related to glucose metabolism. Therefore, the depletion of H19 in muscle results in impaired insulin signaling and glucose uptake.
In another study, βlinc1 (β-cell long intergenic noncoding RNA 1) was demonstrated be necessary for the function of insulinproducing β cells. 34 Knockout of βlinc1 causes glucose intolerance and islet developmental defects in mice, due to βlinc1 regulating a set of related transcription factors (TFs). In DN, the expression level of peroxisome proliferator-activated receptor γ (PPARγ) coactivator α (PGC-1α, encoded by Ppargc1a) is decreased, and PGC-1α plays an indispensable role in mitochondrial bioenergetics. 35, 36 Recently, PGC-1α was found to be rescued by the overexpression of the lncRNA taurine-upregulated gene 1 (Tug1), with improvements in mitochondrial bioenergetics in the podocytes of DN mice.
37 tug1 binds to the promoter of Ppargc1a and enhances Ppargc1a transcriptional activity to regulate energy metabolism in the mitochondria of podocytes. 37 Taken together, the expression levels of lncRNAs are closely associated with insulin resistance and pancreatic β-cell dysfunction. In perspective, insulin or glucagon may control the metabolic pathways by modulating the expression patterns of lncRNAs. Therefore, studying hormone-regulated lncRNAs would be beneficial. lncRNAs in the metabolic regulation of cancer Cancer is characterized by rapid and uncontrolled proliferation, with increasing energy demands. Thus, a reprogrammed metabolic system is necessary to meet the energy demands for cancer cell survival and proliferation. A series of lncRNAs have been shown to be involved in metabolic reprogramming in cancers.
SAMMSON, a lncRNA located near the melanoma-specific oncogene microphthalmia-associated transcription factor (MITF), can be detected in >90% of both human primary and metastatic melanomas. Knockdown of SAMMSON robustly reduced the melanoma cell viability and mitochondrial activity. 38 Mechanically, SAMMSON interacts with p32 and promotes its mitochondrial localization. In turn, p32 is involved in the maturation of 16S rRNA and the bioenergetics in mitochondria necessary to survive the melanoma. [39] [40] [41] Under energy stress conditions, AMP-activated protein kinase (AMPK) primarily functions as a metabolic switch to reprogram metabolism, reducing anabolic activities and enhancing catabolic activities in cells. 42, 43 Therefore, this results in AMPK activation serving to inhibit tumor development. In addition, the lncRNA NBR2 (neighbor of BRCA1 gene 2) is induced by energy stress through the liver kinase B1 (LKB1)-AMPK pathway and interacts with AMPK to promote AMPK kinase activity, forming a feedforward loop. Consequently, a deficiency in the lncRNA NBR2 weakens the activation of AMPK resulting in enhanced tumor development in vivo. 44 The low expression level of NBR2 could be a biomarker for poor tumor prognosis in some human cancers.
As mentioned above, glutamine metabolism is believed to be an essential energy-producing metabolic pathway. Glutamine is deaminated by glutaminase (GLS) to produce glutamate, the substrate for the TCA cycle and other metabolic pathways that generate ATP. However, glutamine metabolism is often altered in cancers. A lncRNA, named colon cancer-associated transcripts 2 (CCAT2), has been reported to be associated with high risk for multiple types of cancer. 45, 46 CCAT2 has been demonstrated to regulate glutamine metabolism in an allele-specific manner. 47 The CCAT2 alleles interact with the cleavage factor I (CFIm) complex with distinct affinities to regulate the alternative splicing of GLS. Briefly, the CCAT2 G allele promotes the production of GAC (glutaminase isoform C), a GLS isoform with higher catalytic activity, to supply the production of more glutamate for the TCA cycle. Conversely, the production of KGA (glutaminase kidney isoform) is dominant when the CCAT2 T allele interacts with the CFIm complex. It is very interesting that lncRNA alleles could differentially regulate metabolism in cancers. lncRNAs discovered in viral infections (e.g., lncRNA-ACOD1 and HOTAIR), obesity, T2D, AS (e.g., βlinc1, Gm10768, MeXis, AdipoQ AS, uc.417, and H19), and cancer (e.g., lnc-IGFBP4-1, SAMSSON, PCGEM1, IDH1-AS1, FLINC1, CCAT2, UCA1, and NBR2) target different metabolic pathways, promoting (labeled with a red arrow) or inhibiting (labeled with a black bar) biological processes There are many other lncRNAs that have been reported to have functions in cancer metabolism, such as FLINC1 (FoxO-induced lncRNA 1), which inhibits c-Myc-mediated energy metabolism to restrain tumor development in renal cancer, 48 PCGEM1 (prostate cancer gene expression marker 1), which serves as a coactivator for c-Myc to promote the reprogramming of tumor metabolism by affecting multiple metabolic pathways in prostate cancer, 49 lncRNA IDH1-AS1, through which c-Myc activates the Warburg effect (aerobic glycolysis in tumors) in cancer cells, 50 and lnc-IGFBP4-1, whose overexpression could enhance the aerobic glycolysis rate in lung cancer. 51 Together, these examples indicate the crucial roles of lncRNAs in the regulation of cancer metabolism. It is worth mentioning that the case of CCAT2 alleles implies that lncRNAs with different alleles may exert different functions in diverse states. In addition, the mechanisms through which lncRNAs participate in the regulation of the chronic inflammation that contributes to carcinogenesis and cancer metastasis requires more investigation.
CONCLUDING REMARKS
The development and function of the immune system is regulated by metabolic factors. In turn, the immune molecules could also alter the metabolism of tissues and cells during the inflammatory response to affect the progression of metabolic disorders. Here, we have summarized the progress on the functional lncRNAs in the immunometabolism and immunometabolic disorders, emphasizing the roles of lncRNAs in the metabolic regulation of inflammation and immune disorders ( Table 1) . As shown above, lncRNAs can regulate inflammation and innate immunity by targeting various metabolic pathways in different manners (Fig. 1) , functioning through cis-regulation (e.g., βlinc1
34 ) antisense inhibition (e.g., AdipoQ AS 26 and IDH1-AS1 50 ) interaction with proteins (e.g., lncRNA-ACOD1, 20 SAMMSON, 37 and NBR2 43 ) or miRNA sponges (e.g., H19. 33 ) Furthermore, changes in lncRNAs expression are extremely valuable as potential biomarkers for predicting the prognosis of related diseases, and data on the genome-wide analysis of lncRNAs expression is essential for functional screening. For mechanistic studies of functional lncRNAs, the interactions between lncRNAs and proteins (especially RNA-binding proteins) should receive more attention, in addition to the well-known models involving sequence-based mechanisms, such as miRNA sponges and antisense inhibition. Hopefully, more functional lncRNAs will be identified in the regulation of metabolism, inflammation and immunity, contributing to a better understanding of health and disease by serving as potential biomarkers and targets for the control of immunometabolic dysfunction.
